Introduction
============

Facing the aqueous humor--containing anterior chamber, the corneal endothelium regulates stromal hydration and subsequent corneal transparency through the expression of the tight junction component ZO-1, which forms barriers,^[@bib1]^ and partly through the expression of Na/K-ATPases, which act as pumps.^[@bib2]^ In contrast to the situations in other species, human corneal endothelial cells (HCECs) retain only a very limited proliferative potential both *in vivo*^[@bib3]^ and *in vitro*,^[@bib4]^ which is related to the arrest of cell cycle in G~1~ phase due to contact inhibition mediated by intercellular junctions. Thus, loss of HCECs caused by surgery, disease, or aging may potentially lead to persistent corneal endothelial dysfunction.^[@bib5]^ To meet the increasing needs of thin lamellar grafts for endothelial keratoplasty,^[@bib6]^ the issue of transplantation using *ex vivo*-expanded HCECs for transplantation has been a focus of research for the past three decades.^[@bib7],[@bib8]^

As derivatives of the neural crest or neuroectoderm, such as corneal epithelial cells, HCECs undergo endothelial--mesenchymal transition (EnMT) under pathological conditions or after stimulation by certain factors, such as TGF-β.^[@bib9],[@bib10]^ To stimulate *ex vivo* expansion of HCECs, growth factors such as bFGF can be used^[@bib11]^; however, EnMT is often activated.^[@bib10]^ On the other hand, downregulation of p120-catenin using siRNA in both contact-inhibited HCECs^[@bib10]^ and retinal pigment epithelial cells^[@bib12]^ uniquely promotes proliferation by activating trafficking of p120-catenin to the nucleus, thus relieving the repression of the cell cycle by nuclear Kaiso without inducing EnMT.^[@bib10]^ This nuclear p120/Kaiso signaling is associated with activation of the RhoA/ROCK signaling and inhibition of the Hippo pathway, but without activation of the Wnt/β-catenin signaling.^[@bib10],[@bib13],[@bib14]^ To prevent potential biohazards related to off-target effects induced by RNA silencing, we aimed to develop an alternative strategy for *ex vivo* expansion of HCECs for clinical applications.

The Hippo pathway was identified through genetic screens of *Drosophila melanogaster* and is highly conserved in mammals. This pathway is involved in controlling organ size and regulating embryonic development^[@bib15],[@bib16]^ and is also a regulator of contact inhibition,^[@bib17]^ which plays crucial roles in regulating cell proliferation and apoptosis.^[@bib18],[@bib19]^ The transcriptional coactivator yes-associated protein (YAP) is an important mediator of the Hippo pathway. Upon formation of cellular contacts, *i.e.*, activation of the Hippo pathway, YAP is phosphorylated by Lats1/2 and then sequestered in the cytoplasm. In contrast, blocking the Hippo pathway results in dephosphorylation and nuclear translocation of YAP, further heterodimerization of YAP with the transcription factor TEAD1, and subsequent upregulation of related gene expression.^[@bib20]^ Evidence has shown beneficial roles of YAP in stimulating tissue repair and regeneration following injury, such as in the intestine,^[@bib21]^ skin,^[@bib22]^ or heart.^[@bib23]^ Previous studies have also indicated that YAP overexpression abolishes contact inhibition and promotes cellular growth,^[@bib24]^ and such regulatory mechanisms have been substantiated in various cell types. For instance, YAP was shown to enhance the transcription of proliferation-related genes, such as Ki-67, c-myc, and SOX4 in murine livers,^[@bib25]^ Cdk6 in human fetal lung fibroblasts,^[@bib26]^ and CCND1 in malignant mesotheliomas.^[@bib27]^ In contrast, in esophageal squamous cell carcinomas, silencing of YAP was shown to enhance the transcription of p21^CIP1^ (a CDK inhibitor).^[@bib28]^ Taken together, these results suggest that YAP manipulates cellular proliferation through regulating the activity of cell cycle mediators. However, the detailed mechanisms associated with YAP in HCECs have not yet been explored.

Recently, various upstream modulators of YAP have been identified,^[@bib29]^ including lysophosphatidic acid (LPA).^[@bib30]^ LPA, recognized as a natural component originating from the cell membrane, has long been known to affect cell adhesion, migration, and proliferation,^[@bib31],[@bib32]^ and this compound might show potential for clinical applications. LPA has been demonstrated to promote wound healing in corneal epithelial cells via the PI3K/AKT pathway and to regulate cell proliferation via transactivation of the EGF-R pathway.^[@bib33]^ Moreover, YAP was shown to be involved in the LPA-induced proliferation of HEK293A cells.^[@bib20]^ Upon activation of PI3K by LPA, components of several signaling pathway cascades may be activated, such as Erk1/2, p38,^[@bib34]^ and cdc42.^[@bib35]^ More recently, it has been confirmed that LPA inhibits the Hippo pathway kinases Lats1/2 via G protein-coupled receptor through the RhoA/ROCK signaling pathway and activates downstream gene transcripts via increased nuclear translocation of YAP.^[@bib36]^ The hypothesis that LPA induces nuclear translocation of YAP via PI3K/AKT or RhoA/ROCK signaling to regulate cellular proliferation is collectively supported by the aforementioned studies. Although LPA receptors have been shown to be expressed in HCECs,^[@bib37]^ whether they act as regulators of YAP and their mechanisms of action remain undetermined.

In this study, we demonstrated that transfected YAP induces proliferation in contact-inhibited HCECs via promotion of cyclin D1 and inhibition of p27^KIP1^/p21^CIP1^. We also showed that exogenous LPA enhances nuclear translocation of YAP and promotes proliferation in contact-inhibited HCECs and, at the same time, maintains a normal phenotype without induction of EnMT. Importantly, we further verified that LPA unlocks the mitotic block in contact-inhibited HCEC monolayers through nuclear translocation of YAP, which is related to activation of the PI3K/AKT and RhoA/ROCK pathways.

Results
=======

After being stripped from the inner surface of the cornea and treated with collagenase overnight, the endothelial layer attached to Descemet's membrane was digested into HCEC aggregates. In serum-containing medium, HCEC aggregates adhered to fibronectin collagen--coated plastic dishes and expanded to monolayers after *ex vivo* culture for 7 days ([Figure 1a](#fig1){ref-type="fig"}). In the HCEC monolayers, close cell--cell contacts and a polygonal cell morphology were established and preserved, mimicking those observed *in vivo*. Additionally, immunofluorescence revealed expression of Na/K-ATPase and ZO-1, suggesting that ion pumps and intercellular tight junctions are maintained in the HCEC monolayers ([Figure 1a](#fig1){ref-type="fig"},[b](#fig1){ref-type="fig"}). Next, cell proliferation was assayed via BrdU labeling. In the HCEC monolayer group treated with collagenase, BrdU-labeled nuclei were scarce, indicating that proliferation was inhibited by contact inhibition. In contrast, significantly more proliferating cells labeled with BrdU were observed in the HCEC suspension culture group treated with trypsin/EDTA ([Figure 1c](#fig1){ref-type="fig"}). Despite the increase in proliferating HCECs in the suspension culture, fibroblast-like cells resulting from EnMT were observed by phase-contrast microscopy as well as positive immunostaining of SMA fiber but weak expression of ATPase and ZO-1 in the margin of cells ([Figure 1c](#fig1){ref-type="fig"},[d](#fig1){ref-type="fig"}). Consequently, we sought to identify alternative methods, similar to p120-siRNA treatment,^[@bib10]^ to induce proliferation in contact-inhibited HCECs while preserving their normal phenotype.

Exogenous expression of YAP promoted proliferation in contact-inhibited HCECs
-----------------------------------------------------------------------------

YAP has been reported to promote proliferation in miscellaneous types of cells.^[@bib25; @bib26; @bib27; @bib28]^ To understand the effect of YAP on inducing proliferation in HCECs, HCEC monolayers were transfected with the pCMV6-YAP vector (pCMV6-YAP) for 72 hours, and monolayers transfected with the pCMV6-AC-GFP vector (pCMV6-control) served as controls. Subsequently, immunofluorescence revealed expression of YAP and BrdU-labeling, showing colocalization in cells transfected with pCMV6-YAP, suggesting an induction of proliferation by YAP in contact-inhibited HCEC monolayers ([Figure 2a](#fig2){ref-type="fig"}). On the other hand, EnMT was not induced in the HCEC monolayers, as there was positive immunostaining for Na/K-ATPase and ZO-1, whereas SMA staining was negative ([Figure 2b](#fig2){ref-type="fig"}).

Exogenous expression of YAP promoted proliferation in B4G12 cells by activating cell cycle mediators
----------------------------------------------------------------------------------------------------

Due to the scarce availability of HCECs, we used a human corneal endothelial cell line (B4G12 cells) for further mechanistic studies. B4G12 cells are a clonal subpopulation from the parental cell line HCEC-12, established from normal cells of the cornea endothelium,^[@bib38]^ described as representing differentiated corneal endothelial cells and retaining the expression of Na/K-ATPase and ZO-1 ([Figure 3a](#fig3){ref-type="fig"}).

According to the results of cell counting, while the proliferation rate was significantly higher in B4G12 cells than in HCECs, the proliferation rate was even higher in pCMV6-YAP-transfected B4G12 cells than that in pCMV6-Control-transfected B4G12 cells from day 2 to day 5 ([Figure 3b](#fig3){ref-type="fig"}). To better understand how YAP promotes cell proliferation, the possible effect of YAP on cell cycle progression was analyzed via flow cytometry. As shown in [Figure 3c](#fig3){ref-type="fig"}, the G~0~-G~1~ population of the total cells in the control cultures was estimated to be 61.2%; upon transfection with YAP, the G~0~-G~1~ population was significantly reduced to 55.7%. In conjunction with a reduced G~0~-G~1~ cell population, the S-phase population significantly increased from 29.1% to 33.1% upon transfection of YAP. To elucidate the regulatory role of YAP in cell proliferation, pCMV6-YAP (with a GFP-tag)-transfected B4G12 cells were examined using western blot analysis to determine the effect of YAP on cell cycle-modulating proteins. As shown in [Figure 3d](#fig3){ref-type="fig"}, the pCMV6-YAP-transfected cells expressed a GFP-tagged YAP protein band, which was not present in the pCMV6-control-transfected cells. Upon observing the increased trend of G~1~/S phase transition, we proceeded to investigate the cell cycle mediator cyclin D and its regulators p27^KIP1^/p21^CIP1^. Importantly, YAP overexpression led to the upregulation of cyclin D1 and the concomitant downregulation of p27^KIP1^/p21^CIP1^, implying that YAP could inhibit CDK inhibitors and activate CDKs. Accordingly, G~1~/S phase transition proceeded, promoting cell proliferation, which has also been observed in various cell types.^[@bib24],[@bib27],[@bib28]^

LPA enhanced nuclear accumulation of YAP and promoted proliferation in HCECs and B4G12 cells
--------------------------------------------------------------------------------------------

As noted above, LPA has been demonstrated to induce nuclear translocation of YAP in numerous cell types.^[@bib20],[@bib29],[@bib30]^ To confirm that LPA induces nuclear localization of YAP in HCECs in a dose-dependent manner, different concentrations of LPA were added to the medium for 4 hours, after HCEC monolayers had been starved for 24 hours. Next, nuclear expression of YAP was compared through western blot and immunofluorescence analyses. Substantial nuclear localization of YAP was identified in cells treated with 20 μmol/l LPA ([Figure 4a](#fig4){ref-type="fig"},[b](#fig4){ref-type="fig"}). Likewise, a BrdU-labeling assay indicated proliferation in contact-inhibited HCECs treated with LPA ([Figure 4c](#fig4){ref-type="fig"}). Similar to what was observed in HCECs transfected with YAP, immunostaining for Na/K-ATPase, ZO-1, and SMA also indicated the absence of EnMT during LPA-induced HCEC proliferation ([Figure 4d](#fig4){ref-type="fig"}).

To further clarify the signaling pathways involved in the enhanced proliferation induced by LPA, B4G12 cells were used. First, nuclear translocation of YAP was confirmed to be induced by LPA in a dose-dependent manner. Postconfluent B4G12 cells were starved for 24 hours, and different concentrations of LPA were then added to the medium for 4 hours. Subsequently, nuclear expression of YAP was compared by western blot and immunofluorescence analyses. Cell proliferation was also evaluated based on cell counts. Similar to what was observed in HCEC monolayers, nuclear localization of YAP and cell proliferation were significantly increased in LPA-treated B4G12 cells ([Figure 5a](#fig5){ref-type="fig"}--[c](#fig5){ref-type="fig"}). Moreover, EnMT was not induced in postconfluent B4G12 cells treated with LPA according to the immunostaining results for Na/K-ATPase, ZO-1, and SMA ([Figure 5d](#fig5){ref-type="fig"}).

Nuclear translocation of YAP in the B4G12 cell line was enhanced by LPA via the Rho/ROCK and PI3K pathway
---------------------------------------------------------------------------------------------------------

PI3K is one of characterized downstream effectors of LPA signaling.^[@bib33]^ We therefore used specific inhibitors of PI3K or its possible downstream effectors (ERK1/2, p38, and ROCK) to clarify the potential pathways underlying the effect of LPA on YAP nuclear translocation. For this purpose, B4G12 cells were initially treated with desired inhibitors for 2 hours, followed by LPA treatment for 4 hours, and the cells were finally used for western blotting assays to investigate YAP nuclear translocation. As shown in [Figure 6a](#fig6){ref-type="fig"} (upper panel), Y27632 (ROCK inhibitor) effectively suppressed LPA-induced nuclear translocation of YAP, and LY294002 (PI3K inhibitor) partially suppressed LPA-induced nuclear translocation of YAP, suggesting their roles in regulating YAP. Moreover, LPA-induced nuclear translocation of YAP was not inhibited in cells treated with PD98059 and SB203580 (ERK and p38 inhibitors, respectively), suggesting that neither pathway is involved in the regulatory effect of LPA on YAP. Additionally, cell cycle mediators (cyclin D1, p27^KIP1^/p21^CIP1^) were investigated. As shown in [Supplementary Figure S2](#xob2){ref-type="supplementary-material"}, similar to what was observed in the YAP-transfected group ([Figure 4d](#fig4){ref-type="fig"}), LPA treatment also upregulated cyclin D1 expression and downregulated p27^KIP1^/p21^CIP1^ expression, while Y27632 treatment restored these changes to the baseline levels of the control group. Interestingly, the effects of LY294002 treatment on cyclin D1 and cell proliferation were more prominent than those of Y27632 treatment ([Supplementary Figures S1](#xob1){ref-type="supplementary-material"} and [S2](#xob2){ref-type="supplementary-material"}).

Further investigation showed that LPA stimulated nuclear translocation of YAP in a dose-dependent manner and led to concomitant upregulation of phosphorylated AKT (p-AKT, a PI3K downstream effector) and a GTP-bound RhoA status (RhoA-GTP, a ROCK upstream effector) according to western blotting ([Figure 6b](#fig6){ref-type="fig"}), indicating that the kinase activity of AKT and RhoA is governed by LPA. Subsequently, to illustrate the up- and downstream relationships of the kinases and YAP within the signaling pathway, the effect of LPA on YAP-silenced B4G12 cells was examined, while nontargeting siRNA served as a control. The fact that p-AKT and RhoA-GTP were not influenced by YAP silencing excludes YAP from being an upstream effector of PI3K and ROCK ([Figure 6c](#fig6){ref-type="fig"}).

To understand the roles of the PIK3 and ROCK signaling pathways in LPA-induced nuclear translocation of YAP, B4G12 cells were pretreated with LY294002 or Y27632 for 2 hours, followed by LPA treatment for 4 hours. The cells were then observed to determine the effects of kinase inhibitors on nuclear translocation of YAP and its associated kinases. As shown in [Figure 6d](#fig6){ref-type="fig"}, LY294002 treatment partially suppressed LPA-induced nuclear translocation of YAP, accompanied by a reduction in p-AKT levels ([Figure 6e](#fig6){ref-type="fig"}), suggesting involvement of the PI3K/AKT pathway in LPA-induced nuclear translocation of YAP. However, given that the levels of RhoA-GTP were not altered by LY294002, the involvement of the PI3K/AKT pathway in nuclear translocation of YAP was likely mediated by pathways other than the Rho-ROCK pathway. Besides, Y27632 effectively suppressed LPA-induced YAP nuclear translocation in a dose-dependent manner, suggestive of a distinct role of ROCK signaling in controlling YAP by LPA. Moreover, p-AKT levels were not influenced by Y27632, indicating that PI3K did not play a pivotal role in the ROCK pathway during the 4-hour LPA treatment. In summary, the results support the notion that the induction of YAP nuclear translocation by LPA is mediated by either the PI3K/AKT or RhoA/ROCK pathway, independently ([Figure 7](#fig7){ref-type="fig"}).

Discussion
==========

With the advantages of smaller wounds, faster visual recovery, and lower rejection rates, endothelial keratoplasty (EK) is evolving as the lamellar keratoplasty of choice for corneal endothelial disorders. On the other hand, for countries with limited corneal donors, cultivated EK (c-EK) is emerging as a promising technology with clinical implications. To develop c-EK, successful *ex vivo* expansion of HCECs is fundamental. Although suspension culture can be used for the *ex vivo* cultivation of HCECs,^[@bib39]^ EnMT occurs as an adverse effect.^[@bib10]^ We previously attempted to reverse EnMT to a normal phenotype through the temporary use of serum-free culture media, with only partial success compared with the *in vivo* morphology (unpublished data). Upon fabrication of engineered grafts for c-EK, EnMT could be effectively inhibited by cellular contacts on carriers seeded with HCECs at 100% confluency (unpublished data). However, in such grafts, cellular proliferation is suppressed by contact inhibition, resulting in reduced cell density after the c-EK procedure. Therefore, adding LPA to the culture medium may be able to relieve contact inhibition-induced cell growth arrest, and this partially regained proliferation (\~6%) of HCECs is likely to compensate the cell loss during the preparation of the c-EK grafts. Although proliferation can be induced with a retained *in vivo* HCEC morphology through the transfection of p120-siRNA,^[@bib10]^ the fact that RNA interference involves collateral inhibition of other genes restrains its clinical eligibility. In addition to administration of LPA, after completion of safety validation, adenovirus vector-carried exogenous expression of YAP for c-EK is supposed to provide better effects to unlock mitotic block through transient but high transfection efficiency.

Upon transfection of p120-siRNA, cell proliferation is observed, accompanied by nuclear translocation of YAP,^[@bib10]^ which is also linked to the regulation of cell proliferation.^[@bib25; @bib26; @bib27; @bib28]^ Hence, in this study, we first demonstrated that YAP indeed promotes cell proliferation in contact-inhibited HCECs ([Figure 2a](#fig2){ref-type="fig"}). Then, we determined that exogenous expression of YAP results in increased expression of cyclin D1 protein, but decreased expression of p27^KIP1^/p21^CIP1^ proteins in the B4G12 human corneal endothelial cell line ([Figure 3d](#fig3){ref-type="fig"}). Cell cycle analysis ([Figure 3c](#fig3){ref-type="fig"}) indicated that the induced G~1~/S transition originated from the regulatory effects of transfected YAP. Apart from directly regulating cell cycle mediators, nuclear YAP was observed to exhibit crosstalk with the β-catenin/Wnt pathway, which is also involved in cellular contacts and the regulation of proliferation.^[@bib40]^ Therefore, it is plausible to investigate relationships between the cadherin/catenin complex and the YAP signaling pathway in the regulation of cell proliferation.

To facilitate clinical application, we attempted to replace p120-siRNA with LPA to induce the nuclear translocation of YAP. In this study, we demonstrated that LPA induces nuclear translocation of YAP in contact-inhibited HCECs, and we subsequently explored the possible underlying mechanisms using B4G12 cells. Phospholipids such as LPA and sphingosine-1-phosphate^[@bib41]^ were shown to act as regulators of YAP, although sphingosine-1-phosphate did not influence nuclear translocation of YAP in our study (unpublished data). Although our data indicate a better growth-promoting effect of overexpressed YAP than LPA ([Figures 3b](#fig3){ref-type="fig"} and [5c](#fig5){ref-type="fig"}) and the role of LPA in stimulating cell proliferation therefore remains clinically undetermined, the current mechanistic investigation of the release of contact inhibition is still beneficial for improving cell culture procedures.

LPA plays various roles in physiology, such as promoting cell proliferation, migration, and survival,^[@bib42]^ as well as in the pathophysiology of cancer.^[@bib43]^ Because LPA is only used as an additive in the culture medium during *ex vivo* expansion, our protocol design is highlighted by a lack of concern regarding tumorigenesis. Despite the rare reports of EnMT being induced by LPA,^[@bib44]^ EnMT was not detected in the HCEC monolayers treated with LPA in our study ([Figure 4d](#fig4){ref-type="fig"}). On the other hand, although YAP may be considered a candidate oncogene, transfected YAP did not induce EnMT in HCEC monolayers in the present study ([Figure 2b](#fig2){ref-type="fig"}). Moreover, to exclude the possibility of carcinogenesis, proliferation is only induced at the stage of *ex vivo* cultivation, and future transplantation will only be performed after cessation of induced proliferation and verification of a normal physiological distribution of YAP.

The cellular effects of LPA have been reported to be mediated by receptor stimulation of AKT,^[@bib33]^ ERK,^[@bib45]^ Rho,^[@bib46]^ and p38.^[@bib47]^ However, in the LPA-induced nuclear translocation of YAP in ovarian cancer cells, only ROCK is involved, while PI3K, ERK, and p38 are not.^[@bib30]^ Our results were predominantly compatible with previous reports, except for the role of PI3K, which was possibly attributed to different lineages, types, or passages of the target cells.

Given that LPA-induced nuclear translocation of YAP was influenced by both PI3K and ROCK ([Figure 6a](#fig6){ref-type="fig"}) and that silencing of YAP did not alter AKT phosphorylation at T308 or modulate RhoA-GTP bounding, we have demonstrated that the observed phenomenon of nuclear translocation is not due to feedback regulation to AKT and RhoA. Next, to elucidate the cause--effect relationships of PI3K and ROCK, we adopted kinase inhibitors of PI3K and ROCK, to observe their effects on pathway-related mediators. Because the PI3K inhibitor did not modulate the enhancement of GTP-bound RhoA by LPA, and in turn, the ROCK inhibitor did not alter AKT, we speculated that during LPA-induced nuclear translocation of YAP, the PI3K and ROCK pathways are mutually independent. It has been documented that LPA directly affects Rho signaling in neuronal and nonneuronal cell lines^[@bib46]^ and that the Rho/ROCK pathway is involved in the LPA-induced nuclear translocation of YAP,^[@bib30]^ suggesting the existence of a PI3K-independent LPA/ROCK/YAP pathway.

Although the inhibitory effect of PI3K on LPA-induced nuclear translocation of YAP was only partial ([Figure 6a](#fig6){ref-type="fig"}), it was demonstrated that LPA activates the PI3K pathway to facilitate corneal epithelial wound healing.^[@bib33]^ We also observed that the effects of LY294002 on cyclin D1 and cell proliferation were more significant than those of Y27632 ([Supplementary Figures S1](#xob1){ref-type="supplementary-material"} and [S2](#xob2){ref-type="supplementary-material"}), indicating that LPA-activated PI3K, likely through YAP-independent regulation, also plays a pivotal role in proliferative regulation. Furthermore, it is likely that LPA-related factors, including PI3K, ROCK, and YAP, act on cell proliferation with multipathway effects. After demonstrating the provocative effects of YAP and LPA on proliferation, we focused on delineating the roles of the PI3K and ROCK pathways in the LPA-induced nuclear translocation of YAP. Concerning the roles of the PI3K and ROCK pathways in LPA-induced proliferation, given the different effects of kinase inhibitors of the two pathways on both nuclear translocation of YAP and expression of cell cycle mediators ([Figure 6a](#fig6){ref-type="fig"} and [Supplementary Figure S2](#xob2){ref-type="supplementary-material"}), we postulate that there are YAP-independent pathways involved in the process of LPA-induced cell proliferation ([Figure 7](#fig7){ref-type="fig"}), which merits future research.

The ROCK inhibitor Y27632 was found to inhibit apoptosis and enhance the survival of monkey corneal endothelial cells,^[@bib48]^ while the effects of Y27632 on the proliferation of HCECs remain under discussion.^[@bib49]^ Interestingly, in recent reports, under a postconfluent status, Y27632 failed to promote proliferation in HCECs,^[@bib50]^ and during wound healing, Y27632 promoted proliferation in corneal endothelial cells.^[@bib51]^ Here, we hypothesize that this discrepancy may originate from difference in donors age, definition of confluence status, or the status of cellular contacts. In our experience, a hexagonal morphology is retained in Y27632-treated *ex vivo*-cultivated HCEC monolayers for a prolonged interval, indicating the ability of this inhibitor to maintain cell survival (unpublished data). In postconfluent B4G12 cells, Y27632 inhibited nuclear translocation of YAP and attenuated the effects of LPA on cell cycle mediators ([Figure 6a](#fig6){ref-type="fig"} and [Supplementary Figure S2](#xob2){ref-type="supplementary-material"}). However, because the proliferation regulation of cell lines may be significantly different from that of normal cells, the regulatory role of Y27632 in HCECs proliferation still need to be further examined.

When exploring possible signaling pathways, we chose AKT phosphorylation at T308 to evaluate the effect of the PI3K inhibitor and attempted to locate a downstream factor of ROCK for evaluation. To date, no published work has evaluated the kinase inhibition effect of the ROCK inhibitor Y27632 in HCECs. It has been reported that Y27632 suppresses p-MLC in human umbilical vein endothelial cells and that Y27632 suppresses the phosphorylation of MYPT-1 in aortic endothelial cells. Thus, we measured the levels of p-MLC in Y27632-treated B4G12 cells but did not detect any significant changes (unpublished data). However, based on the observation of significant nuclear translocation of YAP and unaltered levels of p-AKT, we believe that Y27632 exerts effects other than those related to cytotoxicity.

Collectively, our data support a role for the LPA-induced nuclear translocation of YAP in inducing proliferation in postmitotic HCECs, and this effect is associated with the PI3K and ROCK pathways. As a recognized natural component of the cell membrane, we believe that LPA represents a promising cell culture supplement for use in tissue engineering. Hopefully, in the future, advanced tissue engineering technology for treating disorders of postmitotic tissues or organs will be realized based on the accumulating knowledge regarding the regulation of the HCEC proliferative capacity.

Materials and Methods
=====================

Materials
---------

Human endothelium serum-free medium (HESFM), Opti-MEM medium, trypsin-EDTA, fetal bovine serum (FBS), phosphate-buffered saline (PBS), gentamicin, amphotericin B, Lipofectamine 2000, and an Alexa-Fluor-conjugated secondary IgG antibody were purchased from Invitrogen (Carlsbad, CA). LPA, RPMI 1640 vitamin solution, dimethyl sulfoxide (DMSO), Hoechst 33342 dye, methanol, Triton X-100, Y-27632, PD98059, and SB203580 were purchased from Sigma-Aldrich (St Louis, MO). LY294002 was purchased from Cell Signaling (Beverly, MA). Collagenase A was purchased from Roche Applied Science (Indianapolis, IN). Recombinant Human FGF-basic was purchased from Peprotech (London, UK). Recombinant Human EGF was purchased from Upstate, Millipore (Billerica, MA). YAP siRNA and nontargeting control siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). A green fluorescent protein-tagged, full-length open reading frame clone (pCMV6-YAP) of human YAP (NM_01130145) and its control vector (pCMV6-AC-GFP) were purchased from Origene Technologies (Rockville, MD).

Antibodies against YAP (rabbit polyclonal), histone H3 (rabbit polyclonal), and p-AKT (Thr308; rabbit antibody clone 244F9) were purchased from Cell Signaling. Rabbit polyclonal p27^KIP1^ and p21^CIP1^ antibodies were purchased from Santa Cruz Biotechnology. A mouse cyclin D1 antibody (clone CD1.1) was purchased from Abcam (La Jolla, CA), and a mouse BrdU antibody (RPN20Ab) was purchased from Amersham, GE Healthcare (Chalfont St Giles, UK). A mouse ZO-1 antibody (clone ZO1-1A12) was purchased from Invitrogen, and a mouse Na/K-ATPase antibody (clone C464.6) was purchased from Upstate, Millipore. A mouse GAPDH antibody (clone 6C5) was purchased from Chemicon, Millipore (Billerica, MA), and a rabbit polyclonal RhoA antibody was purchased from Thermo Scientific (Rockford, IL). All plastic cell culture wares were obtained from Corning Incorporated Life Sciences (Acton, MA).

Source of tissue donors
-----------------------

This study adhered to the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of Chang Gung Memorial Hospital, which ruled that consent forms were not required from donors because the human tissues used in this study were delinked, postoperative residual specimens. A total of 34 corneas from donors aged 28 to 59 years (mean: 49.4 ± 8.7) were used in this study. After removing central part for transplantation, the remaining human corneoscleral tissues were procured within 5 days and maintained at 4 °C in Optisol (Chiron Vision, Irvine, CA) following corneal transplantation surgeries at the Department of Ophthalmology, Chang Gung Memorial Hospital, Linkou, Taiwan.

Cell preparation
----------------

The isolation and culture of HCECs followed previous methods.^[@bib52]^ Briefly, after the central corneas had been used for corneal transplantation, the remaining corneoscleral tissues were rinsed three times with wash medium (containing Opti-MEM, 200 μg/ml gentamicin, and 10 μg/ml amphotericin B). Under a dissecting microscope, the trabecular meshwork was cleaned, and Descemet's membranes containing HCECs were stripped using forceps. Following digestion at 37 °C for 24 hours with 0.5 mg/ml collagenase A in wash medium, HCEC aggregates were collected via centrifugation at 495 g for 8 minutes to remove the digestion solution and then cultured in 8-well Lab-Tek II chamber slides (Nalge Nunc International, Rochester, NY) coated with a fibronectin-collagen coating mix (AthenaES, Baltimore, MD) in HCEC growth medium, composed of Opti-MEM supplemented with 10% FBS, 20 ng/ml hEGF, 10 ng/ml FGF-basic, RPMI 1640 vitamin (1×) solution (Sigma-Aldrich), 25 µg/ml gentamicin, and 1.25 µg/ml amphotericin B.

The human corneal endothelial cell line B4G12 (Creative Bioarray, NY) was cultured in B4G12 medium, composed of HESFM supplemented with 2% FBS and 10 ng/ml bFGF. To reduce the proliferation rate for the purpose of acclimatization, B4G12 cells were subcultured with equal volumes of B4G12 medium and HESFM until the final concentrations of FBS and bFGF in the medium reached 0.25% and 1.25 ng/ml, respectively (LS-B4G12 medium). B4G12 cells were cryopreserved in liquid nitrogen after acclimatization and were cultured in LS-B4G12 medium. Cells that had undergone less than five passages were used for experiments.

YAP expression vector and siRNA transfection
--------------------------------------------

HCEC monolayers were cultured until day 7 and then preincubated with Opti-MEM overnight. B4G12 cells were cultured until postconfluence day 4 and then preincubated with Opti-MEM overnight. Both cell types were subsequently transfected with the pCMV6-YAP vector (5 μg/ml) or YAP siRNA (50 nmol/l) using lipofectamine 2000 for 6 hours. The control vector or nontargeting siRNA was used as a control to minimize nonspecific effects. After transfection, the two cell types were cultured in HCEC growth medium or LS-B4G12 medium for further investigations.

Immunofluorescence staining
---------------------------

HCEC monolayers or B4G12 cells were cultured in 8-well chamber slides. The cells were subsequently fixed in 4% formaldehyde for 15 minutes at room temperature, rinsed with PBS, permeabilized with 0.2% Triton X-100 for 15 minutes, and rinsed again with PBS. After incubation with 2% BSA to block nonspecific staining for 30 minutes, the slides were incubated with the primary antibodies (all at 1:100 dilution) for 24 hours at 4 °C. After three washes with PBS, the slides were incubated with the corresponding Alexa-Fluor-conjugated secondary IgG for 60 minutes at room temperature. The samples were then counterstained with Hoechst 33342. Sections were mounted with Gel Mount (Biomeda, Foster City, CA) and examined under a Zeiss fluorescence microscope (Oberkochen, Germany) or a confocal microscope (Leica, Deerfield, IL).

Measurement of cell proliferation
---------------------------------

HCECs were examined using a cell proliferation kit (GE Healthcare) according to the manufacturer's instructions. Briefly, HCEC monolayers were cultured until day 7 and then transfected with YAP or treated with LPA (20 µmol/l). After 24 hours, BrdU was added at a final concentration of 10 µmol/l in the HCEC growth medium for 24 hours. The BrdU-labeled cells were detected using a BrdU antibody, and the number of BrdU-positive cells was counted in five randomized fields (×200).

The proliferation rate of B4G12 cells was measured through cell counting. B4G12 cells were seeded onto 35-mm culture dishes at a density of 8.8 × 10^5^ cells per dish. The next day, the cells were transfected with YAP or treated with LPA (20 µmol/l). In the YAP transfection experiments, 24 hours after YAP transfection, the cells were serum starved in HESFM for another 24 hours, and the medium was replaced daily. In the LPA treatment experiments, 20 µmol/l LPA was added in HESFM, and the medium was replaced daily. Cell counts were obtained daily with three repeats from day 1 to day 5 using a Coulter Counter (Beckman-Coulter, Brea, CA).

Cell cycle analysis
-------------------

B4G12 cells were seeded into 35-mm culture dishes at a density of 8.8 × 10^5^ cells per dish. The next day, the cells were transfected with pCMV6-YAP or the corresponding control vector, as described above. Twenty-four hours after transfection, the cells were serum starved in HESFM for 24 hours. The cells were then harvested using trypsin-EDTA and pelleted at 600 g for 5 minutes. The cell pellets were resuspended in 300 μl of PBS, and 700 μl of ice-cold 99.9% ethanol was added and mixed well, followed by fixation at −20 °C overnight. The following day, the cells were pelleted and resuspended in 1 ml of PBS containing 10 µg/ml propidium iodide (Invitrogen) and 1 mg/ml RNase A (US Biological, Salem, MA). The cells were subsequently incubated at 37 °C for 1 hour and analyzed using a FACStar flow cytometer (Becton--Dickinson, Mountain View, CA), with excitation at 488 nm. Approximately 10,000 cells were examined in each sample. The cell cycle was analyzed using CELLQuest software (BD Biosciences, San Jose, CA).

Protein extraction and western blotting
---------------------------------------

Total cell lysates were prepared in RIPA buffer supplemented with 10 mmol/l sodium fluoride, 10 mmol/l sodium orthovanadate, and 1× protease inhibitor cocktail (Sigma-Aldrich). The suspension was transferred to a microfuge tube on ice, sonicated to disrupt the cells, and centrifuged for 15 minutes at 4 °C at maximum speed. The supernatants were then pooled as the total protein extract.

Cellular nuclear proteins were extracted using a nuclear extraction kit (Affymetrix, Santa Clara, CA) according to the manufacturer's instructions. Briefly, the cultures were washed with cold PBS twice, then incubated in a 10× volume of a cytosolic extraction buffer (supplemented with 1 mmol/l dithiothreitol, 1× protease and phosphatase inhibitor) on ice for 10 minutes. The nuclei were collected via scraping, and the nuclear clump was disrupted through repetitive pipetting. The suspension was then centrifuged at 14,000*g* for 3 minutes at 4 °C, and the pellets were resuspended in 150 ml of nuclear extraction buffer supplemented with 1 mmol/l dithiothreitol and 1× protease and phosphatase inhibitor and subsequently vortexed at maximum speed for 10 seconds. The sample was placed on ice for 2 hours, with shaking every 20 minutes, and eventually centrifuged at 14,000*g* for 5 minutes at 4 °C. The supernatant was collected as the nuclear protein extract. Protein concentrations were determined using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA).

The protein extracts were resolved in 10% acrylamide gels and transferred to polyvinylidene difluoride membranes (Millipore), which were then blocked with 5% (w/v) fat-free milk in TBST (50 mmol/l Tris-HCl, pH 7.5, 150 mmol/l NaCl, 0.05% (v/v) Tween-20), and probed with the desired primary antibodies at a 1:1,000 dilution for all antibodies except GAPDH (1:10,000 dilution) at 4 °C overnight, followed by reaction with appropriate horseradish peroxidase--conjugated secondary antibodies. The immunoreactive protein bands were visualized via enhanced chemiluminescence (ECL; GE Healthcare).

GTP-bound RhoA assay
--------------------

Rho activation was assessed in 1 mg of cell lysate using the Active RhoA Pull-Down and Detection Kit (Thermo Scientific, Rockford, IL) according to the manufacturer's instructions. Briefly, to pull down the GTP-bound form of RhoA, a GST-rhotekin-RBD fusion protein and glutathione resin were used. The amount of pulled-down GTP-bound RhoA was determined in a western blot assay using a RhoA antibody.

Statistics
----------

All data are reported as the mean ± SD for each group, and at least three independent experiments were performed. The data were compared using Student's unpaired *t*-test with Microsoft Excel version 2010 (Microsoft, Redmont, WA). Test results were reported as two-tailed *P* values, where *P* \< 0.05\* and *P* \< 0.01\*\* were considered significant.
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![Contact inhibition develops in aggregates from an expansion culture of human corneal endothelial cells (HCECs) with a normal phenotype, but without endothelial--mesenchymal transition (EnMT). (**a**) Following stripping from Descemet's membrane, the corneal endothelial layers formed HCEC aggregates after 16 hours of digestion by collagenase A at 37 °C. After 1 day of culture in serum-containing medium, the HCEC aggregates adhered to the dish surface (left panel). After 7 days in culture, the HCEC aggregates expanded into HCEC monolayers (right panel). (**b**) HCEC monolayers cultured until day 7 showed a hexagonal morphology under phase microscopy and a normal immunostaining pattern for Na/K-ATPase (ATPase) and ZO-1, but no expression of α-smooth muscle actin (SMA), indicating no evidence of EnMT. (**c**) The proliferation of HCECs digested with trypsin/EDTA (suspension culture), as assayed via BrdU labeling (green), was significantly higher than in HCEC monolayers (expansion culture), suggestive of contact inhibition in the HCEC monolayers (*n* = 3; \*\**P* \< 0.01). (**d**) The suspension culture of HCECs showed a fibroblast-like morphology and expression of SMA fiber, but weak expression of ATPase and ZO-1 in the margin of cells, demonstrating the specificity of antibodies and an EnMT phenotype. The cell nuclei were counterstained with Hoechst 33342 (blue).](mtm201514-f1){#fig1}

![Overexpression of YAP leads to proliferation in contact-inhibited human corneal endothelial cells (HCECs). (**a**) HCEC monolayers were transfected with either the pCMV6-YAP vector (pCMV6-YAP) or the pCMV6-AC-GFP vector (pCMV6-control), as a control. After transfection, the HCEC monolayers were further cultured in HCEC growth medium for 2 days. The cultures were first starved for 2 hours, then fixed and immunostained with YAP (green) and BrdU (red; smaller figure in the right panel). Immunofluorescence images of YAP, BrdU, and nuclei (Hoechst 33342) were merged, and the colocalization of YAP and BrdU appeared as white color. Expansion culture of HCEC aggregates exhibited confluent monolayer cells under DIC microscopy (lower panel). In the pCMV6-YAP group, BrdU labeling was significantly increased. Colocalization of YAP and BrdU indicated that proliferation in contact-inhibited HCECs was promoted by YAP (*n* = 3; \*\**P* \< 0.01). (**b**) HCEC monolayers transfected with the pCMV6-YAP vector for 2 days showed a hexagonal morphology under phase contrast microscopy, with normal immunostaining patterns of ATPase and ZO-1, but without expression of SMA, indicating no evidence of endothelial--mesenchymal transition. SMA, smooth muscle actin; YAP, yes-associated protein.](mtm201514-f2){#fig2}

![Enhanced nuclear levels of YAP promote proliferation in B4G12 cells. (**a**) B4G12 cells (human corneal endothelial cell line) cultured until day 3 after confluence showed a hexagonal morphology under phase microscopy and normal immunostaining patterns of ATPase and ZO-1, but no expression of smooth muscle actin (SMA), suggesting a phenotype similar to HCECs. The cell nuclei were counterstained with Hoechst 33342 (blue). (**b**) B4G12 cells were serum starved for 24 hours and were transfected with either the pCMV6-YAP vector (pCMV6-YAP) or the pCMV6-AC-GFP vector (pCMV6-control), as a control. After transfection, from day 2 to day 6, cell growth was analyzed via cell counting. (**c**) Flow cytometry analysis showed that transfection of pCMV6-YAP results in a decrease in the G~0~-G~1~ population and a concomitant increase in the S-phase population compared with control cultures (*n* = 3; \**P* \< 0.05; \*\**P* \< 0.01). (**d**) The expression of transfected YAP was determined by western blotting, which indicated that the levels of exogenous YAP protein were significantly higher. The effects of YAP overexpression on the expression of proliferation-related proteins were examined by western blotting, which indicated that transfected YAP leads to upregulation of cyclin D1 expression and concomitant downregulation of p27^KIP1^ and p21^CIP1^ (CDK inhibitors) expression. YAP, yes-associated protein.](mtm201514-f3){#fig3}

![LPA enhances nuclear levels of YAP and promotes proliferation in contact-inhibited HCECs. (**a**) The stimulatory effects of LPA on nuclear levels of YAP in contacted-inhibited HCECs were evaluated by western blotting assays. HCEC monolayers were serum starved for 24 hours and incubated in LPA at different doses for an additional 4 hours. The nuclear proteins were extracted from each experimental group and fractionated on 10% SDS--PAGE gels (5 μg/lane). After transfer, the membranes were blotted with an antibody against either YAP or histone as a loading control. (**b**) The distribution of nuclear YAP (green) was detected in immunofluorescein assays in contacted-inhibited HCECs 4 hours after the addition of 20 μmol/l LPA. (**c**) Cell proliferation was examined via BrdU labeling, and the BrdU labeling (green) in HCEC monolayers treated with 20 μmol/l LPA was significantly higher than in HCEC monolayers treated with phosphate-buffered saline (*n* = 3; \*\**P* \< 0.01). (**d**) HCECs treated with LPA (20 μmol/l) showed a hexagonal morphology under phase microscopy, with a normal immunostaining pattern for ATPase and ZO-1, but without any expression of SMA, indicating no evidence of endothelial--mesenchymal transition. The cell nuclei were counterstained with Hoechst 33342 (blue). LPA, lysophosphatidic acid; SMA, smooth muscle actin; YAP, yes-associated protein.](mtm201514-f4){#fig4}

![LPA also enhances nuclear levels of YAP and promotes proliferation in B4G12 cells. (**a**) The dose-dependent stimulation of nuclear YAP in postconfluent day 4 B4G12 cells by LPA was measured by western blotting. B4G12 cells were serum starved for 24 hours and incubated in the presence of LPA at different doses for an additional 4 hours. Nuclear proteins (Nu) were extracted from each experimental group and fractionated in 10% SDS--PAGE gels (5 μg/lane). After being transferred to membranes, the proteins were subjected to blotting with an antibody against either YAP or histone H3, as a loading control. (**b**) The distribution of nuclear YAP (green) was detected via an immunofluorescein assay in postconfluent day 4 B4G12 cells 4 hours after 20 μmol/l LPA was added. (**c**) B4G12 cells were serum starved for 24 hours and treated with LPA (20 μmol/l). After treatment, from day 2 to day 6, cell growth was analyzed through cell counting (*n* = 3; \*\**P* \< 0.01). (**d**) B4G12 cells treated with LPA (20 μmol/l) showed a hexagonal morphology under phase microscopy, with a normal immunostaining pattern of ATPase and ZO-1, but without any expression of SMA, indicating no evidence of endothelial--mesenchymal transition. The cell nuclei were counterstained with Hoechst 33342 (blue). LPA, lysophosphatidic acid; SMA, smooth muscle actin; YAP, yes-associated protein.](mtm201514-f5){#fig5}

![LPA-induced nuclear translocation of YAP is mediated by the PI3K and ROCK pathways in B4G12 cells. (**a**) The effects of ROCK and PI3K phosphatase inhibitors on LPA-induced YAP nuclear translocation were measured by western blotting. Postconfluent day 4 B4G12 cells were serum starved for 24 hours, followed by pretreatment with LY294002 (PI3K inhibitor, 50 μmol/l), PD98059 (ERK1/2 inhibitor, 20 μmol/l), SB203580 (p38 inhibitor, 20 μmol/l), or Y27632 (ROCK inhibitor, 20 μmol/l) for 2 hours; the cells were then treated with LPA for 4 hours. Cell nuclear extracts (Nu) were subsequently prepared from each experimental group and fractionated in 10% SDS--PAGE gels (5 μg/lane). After transfer to membranes, the proteins were subjected to blotting with an antibody against either YAP or histone H3 as a loading control. (**b**) LPA stimulated the nuclear translocation of YAP, phosphorylation of AKT (p-AKT), and GTP binding of RhoA (GTP-RhoA) in a dose-dependent manner. Postconfluent day 4 B4G12 cells were serum starved for 24 hours, followed by LPA treatment for 4 hours. Nuclear extracts (Nu) or total lysates were subjected to immunoblotting with YAP, p-AKT and GTP-RhoA antibodies. Histone H3 and GAPDH were also detected by blotting as loading controls. (**c**) To examine whether LPA-induced translocation of YAP results in activation of the AKT or RhoA pathway, postconfluent day 4 B4G12 cells were pretransfected with YAP siRNA for 48 hours, serum starved for an additional 24 hours, and treated with LPA (20 µmol/l) for another four hours. Nuclear extracts (Nu) or total lysates were subjected to immunoblotting with YAP, AKT, and RhoA antibodies. Histone H3 and GAPDH were also detected by blotting as loading controls. (**d,e**) The effects of PI3K and ROCK inhibitors on LPA-dependent YAP translocation were examined via western blotting. Postconfluent day 4 B4G12 cells were serum starved for 24 hours, followed by pretreatment with various concentrations of LY294002 or Y27632 for an additional 2 hours and treatment with LPA (20 µmol/l) for another 4 hours. Total cell lysates were prepared and probed with YAP and pathway-related antibodies through western blotting. LPA, lysophosphatidic acid; YAP, yes-associated protein.](mtm201514-f6){#fig6}

![Schematic pathways of proliferation in human corneal endothelial cells regulated by lysophosphatidic acid. AKT, protein kinase B; GPCR, protein-couple receptor; LPA-R, lysophosphatidic acid receptor; PI3K, phosphoinositide-3 kinase; RhoA, Ras homolog gene family, member A; ROCK, Rho-kinase; YAP, yes-associated protein.](mtm201514-f7){#fig7}
